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Available online 20 July 2016Ongoing climate change is leading to signiﬁcant range shifts inmany taxa. Although climate-induced spatiotem-
poral dynamics have subtle implications for prioritization of translocation release areas, the terminology under-
lying current guidelines for conservation translocation remains focused on a dichotomy between
‘reintroductions’within the indigenous range and ‘assisted colonisations’ anywhere else. We here propose a dis-
persal barrier-based framework for categorizing release areas according to their compatibility with natural eco-
logical processes under climate change. Setting as a criterion that consistently suitable conditions are forecast
over the timeframe considered, we deﬁne six translocation types corresponding to six translocation release
zones: ‘reinforcement’ within the ‘stable current range’; ‘assisted dispersal sensu stricto’ within the ‘expected
novel range’; ‘compensatory dispersal’within the ‘idealized novel range’ (i.e. projected only if simulating absence
of anthropogenic dispersal barriers); ‘accelerated dispersal’ within the ‘expected connected envelope’ (i.e. the
spatiotemporally connected bioclimatic envelope beyond dispersal range); ‘accelerated compensatory dispersal’
within the ‘idealized connected envelope’ (i.e. unreachable connected envelope only if simulating absence of an-
thropogenic dispersal barriers); and ‘artiﬁcial dispersal’within the ‘unconnected envelope’ (i.e. separated by nat-
ural physical barriers). Analysing projected range change in African antelopes by 2080, translocation across
natural dispersal barrierswas associatedwith elevatedpotential for interspeciﬁc competitionwith allopatric spe-
cies and hence possible interference with ecosystem function. We argue that where translocation within the in-
digenous range is not an option, priority ranking of release sites would beneﬁt from explicit consideration of
dispersal barriers, favouring projected novel ranges above areas separated by distance and, especially, natural
physical obstacles.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Assisted migration
Habitat fragmentation
Invasive species
Reintroduction
Species distribution modelling
Mammals1. Introduction
Translocation has been used as a conservation tool for more than a
century in order to reverse species declines caused by human activities
(Grifﬁth et al., 1989; Seddon et al., 2007; Ewen et al., 2012). Although
translocation is often a compelling solution for species facing a high
risk of extinction in the wild, its implementation is far from straightfor-
ward: it is an intervention that by deﬁnition interferes with natural eco-
logical and evolutionary processes, themaintenance ofwhich is the very
goal of conservation. Over the past decade, translocation has received
broad interest as ameans of adapting to human-induced climate change
for species that are unable to track habitat changes in fragmented land-
scapes (Harris et al., 2006; Hunter, 2007; Seddon, 2010; Sansilvestri etarine Science, Scottish Marine
m.
Ltd. This is an open access article ual., 2015). Still, the need remains for a systematic framework that prior-
itizes options for translocation according to their compatibility with
natural eco-evolutionary processes in a world where climate change it-
self is changing what may be considered a natural process (Parmesan,
2006).
As a starting point, the International Union for Conservation of Na-
ture (IUCN) Reintroduction Specialist Group (RSG), which was
established in 1988 to promote best practice in conservation transloca-
tions, argues that translocation into indigenous areas, i.e. ‘reintroduc-
tion’, is generally preferable to translocation into non-indigenous
areas, i.e. ‘assisted colonisation’ (IUCN/SSC, 2013). The justiﬁcation is
convincing: reintroductions can be expected to entail relatively low
risks because population restoration in this case is supported by histor-
ical data on the performance of the species as a natural part of the eco-
system. However, the IUCN RSG guidelines also point out that under
some conditions the non-indigenous area may in fact be more suitable
for translocation than the indigenous range. Hence a wide range of po-
tential threats faces species in the wild - including overexploitation,nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pollution, as well as climate change (IUCN, 2015) - and if the critical
cause of a species' decline within its indigenous range has not been
identiﬁed and dealt with, reintroduction is unlikely to result in a stable,
self-sustaining population. Even in cases where the threat that caused
local extinction is no longer present, a concern may be the subsequent
emergence of new threats within the indigenous range. Moreover, fu-
ture threats, such as climate change, may sometimes be more likely to
affect the indigenous range than climatically suitable parts of the non-
indigenous area. The IUCN RSG guidelines thus refer to assisted coloni-
sation as the solution of choice “where protection from current or likely
future threats in current range is deemed less feasible than at alterna-
tive sites” (IUCN/SSC, 2013). However, the guidelines point out that a
“wide spectrumof operations” is currently covered by the term ‘assisted
colonisation’ (IUCN/SSC, 2013). In this study,we view the highly hetero-
geneous area potentially suitable for translocation release as a continu-
um in terms of the degree to which translocation would mimic a likely
natural change in space use under climate change.
How then can the likelihood of future distributional changes be esti-
mated? When the climate induces habitat changes, the probability of a
species colonising a given area will depend on its species-speciﬁc dis-
persal ability and whether barriers to dispersal are present. Dispersal
barriers can be physical features of the natural world whichmake colo-
nisation impossible, e.g. rivers, mountains, or intercepting hostile habi-
tats and/or climate (Foden et al., 2008). Alternatively, the barrier can be
distance in which case colonisation may be expected eventually, time
being the crucial limiting factor. Also, barriers can be anthropogenic,
e.g. due to wildlife incompatible human land-use or infrastructural de-
velopments, such as roads, fences or pipelines. Froma conservation per-
spective, translocations across natural physical barriers may be
considered the most artiﬁcial and therefore least desirable. More com-
patible with natural eco-evolutionary processes are translocations that
speed up dispersal events likely to occur naturally by traversing unoccu-
pied expanses of suitable habitat at an accelerated pace. Finally, translo-
cations across anthropogenic barriers effectively restore natural eco-
evolutionary processes by overcoming artiﬁcial obstacles to dispersal.
Following this logic, we here propose a dispersal barrier-based
framework for prioritizing translocation release areas to protect natural
eco-evolutionary processes under climate change. Taking as a prerequi-
site that conditions must remain bioclimatically suitable over the rele-
vant timeframe (Chauvenet et al., 2013), we deﬁne six translocation
types corresponding to six distinct translocation release zones that dif-
fer in the degree to which translocation would approximate a natural
event (Fig. 1): (i) ‘Reinforcement’ within the ‘stable current range’;
(ii) ‘Assisted dispersal sensu stricto’ within the ‘expected novel range’;
(iii) ‘Compensatory dispersal’ within the ‘idealized novel range’ (i.e.
the range projected only if simulating the absence of anthropogenic dis-
persal barriers); (iv) ‘Accelerated dispersal’ within the ‘expected con-
nected envelope’ (i.e. the part of the bioclimatic envelope beyond
dispersal range); (v) ‘Accelerated compensatory dispersal’ within theFig. 1. Schematic representation of the translocation‘idealized connected envelope’ (i.e. the unreachable, connected enve-
lope projected only if simulating the absence of anthropogenic dispersal
barriers); and (vi) ‘Artiﬁcial dispersal’ within the ‘unconnected enve-
lope’ (i.e. the part of the bioclimatic envelope that is spatiotemporally
separated from the current range by natural physical barriers).
As our empirical model, we focus on African antelopes, a group ex-
pected to be signiﬁcantly affected by future climate change (Payne
and Bro-Jørgensen, 2016), and of which 23% of the species are already
listed as threatened on the IUCN Red List (IUCN, 2015). Translocation
has a particularly strong history as a conservation tool in ungulates,
from theﬁrst conservation translocation everwhich targeted the Amer-
ican bison (Bison bison) in 1907 (Kleiman, 1989), through several subse-
quent successful reintroductions, for example of the Arabian oryx (Oryx
leucoryx) in the 1980s (resulting in down-listing from ‘extinct in the
wild’ to ‘vulnerable’; Stanley Price, 2016), to today's efforts to restore
populations of the wild-extinct scimitar-horned oryx (Oryx dammah)
within its former range (Woodﬁne and Gilbert, 2016). Our study is
thus intended also to address a more speciﬁc urgent challenge to con-
servation. To delimit translocation release zones for our empirical
study system, we project spatial responses of species and their habitats
to climate change using species distribution models (SDMs) with the
critical timeframe set to 2080, the time horizon of the climate forecasts
(IPCC, 2015).
Though we advocate for the ecological changes expected under cli-
mate change to be incorporated more ﬁrmly into translocation guide-
lines, we also agree that translocation initiatives should aim to retain
current ecosystem structure as far as possible to avoid functional pertur-
bation (IUCN/SSC, 2013), especially considering the uncertainty inher-
ent in forecasting future species distributions (Synes and Osborne,
2011). A particular concern is the introduction of previously allopatric
species, which can trigger unprecedented ecological processes with po-
tentially devastating consequences; in particular, competitive exclusion
can lead to both extinction of indigenous species where introduced spe-
cies behave invasively (e.g. the extinction of the thylacine Thylacinus
cynocephalus following introduction of domestic dogs Canis lupus
familiaris; IUCN, 2015) and establishment failure of introduced popula-
tions where the indigenous species are the stronger competitors (e.g.
the failure of introduced roan antelope Hippotragus equinus to become
established in the ungulate community in Shimba Hills National Park,
Kenya; Schiøtz, 1987). The risk of ecological interference in this case in-
creases with the dietary overlap between species, which can promote
unnatural interspeciﬁc competition. By contrast, interspeciﬁc competi-
tion between naturally sympatric species is an integral component of
natural ecosystem function, where stable coexistence is evidenced by
historical data. To assess the extent to which our classiﬁcation system
captures differences between translocation release zones in their simi-
larity in community structure to current ranges, we compare zones
within our empirical model system in terms of the projected occurrence
of currently allopatric antelope species as well as the degree of dietary
niche overlap with these.release zones in relation to dispersal barriers.
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2.1. Species distribution modelling
The study used the 73 extant African antelope species as an empiri-
cal model. Current species distributions, represented by Esri shape ﬁles
rasterised to 10′ grid scale, were modelled as quadratic generalised lin-
ear models (GLM) in the R package BIOMOD (Thuiller et al., 2009). Dis-
tributions were derived from Extent Of Occurrence (EOO) ranges
reported by IUCN (IUCN, 2015), approximating the ‘Area Of Occupancy’
(AOO) by removing areas from which species were assumed a priori to
be absent due to human land-use (coded in both a ‘human footprint’-ﬁl-
ter; Sanderson et al., 2002; Thuiller et al., 2006; and a habitat-ﬁlter;
USGS, 1999) and, for open- and closed-habitat specialists only, incom-
patible natural habitat (coded in the habitat-ﬁlter; USGS, 1999). The
habitat-ﬁlter categorized land cover as either open (i.e. grassland, sa-
vannah, open woodland), closed (i.e. forests), or human-dominated
(i.e. built up areas, cropland) (USGS, 1999). The ‘human footprint’-ﬁlter
reduced the predicted probability of species occurring in areas under
human impact by incorporating data on population density, land trans-
formation, accessibility, and electrical power infrastructure (Sanderson
et al., 2002); speciﬁcally, the initial probability (IP) of occurrence from
the SDM was weighted by the ‘human footprint’ (HFP) to provide a
ﬁnal probability (FP) for each grid cell: FPi = IPi × HFPi, where i is a
10′ grid cell (Thuiller et al., 2006).
Predictive variables were selected from 34 environmental variables
relating to climate, topography, land cover, and soil (see online Supple-
mentary methods). Climate data were obtained from WorldClim
(Hijmans et al., 2005), and the distributional information was related
to climatic conditions between 1950 and 2000. Since covariation pre-
cluded their simultaneous inclusion in the models, variables were
ranked by variable importance assessment following Thuiller et al.
(2010), and principal component analysis was performed to detect
collinearity; on this basis, we selected the set of mutually indepen-
dent variables with the highest explanatory power. In parallel with
Pigot et al. (2010), this approach resulted in the inclusion of annual
precipitation (log), and hottest and coldest monthly temperature
as explanatory factors. SDMs informed by a random data sample
(70%) were selected according to their Akaike Information Criterion
scores (using the stepwise search function stepAIC, direction: “both”;
Thuiller et al., 2003) and subsequently evaluated against the remain-
ing 30% of the data. For assessment, we calculated both True Skills
Statistics (TSS) (Landis and Koch, 1977; Allouche et al., 2006;
Eskildsen et al., 2013) and Area Under the Curve (AUC) values, sensi-
tivity, and speciﬁcity (Swets, 1988). Using TSS, model accuracy was
classiﬁed as ‘excellent’ for 65 species (TSS N 0.75) and ‘good’
(0.75 N TSS N 0.4) for the remaining eight (Fig. S1), and using AUC,
as ‘high’ (AUC N 0.9) for 70 species and ‘useful’ (0.9 N AUC N 0.7) for
the remaining three (Fig. S1; Fig. S2).
Next, SDMswere used to predict future ranges based on climate pro-
jections for three different Atmosphere-Ocean Global Circulation
Models (AOGCMs), i.e. UKMO HADCM3, NCAR CCSM3 and BCCR
BCM2, and the moderate A1B greenhouse gas emission storyline
(IPCC, 2015). Multi-climate-model ensemble forecasts deﬁned areas
with concordant predictions under at least two of the three
AOGCM climate models (Payne and Bro-Jørgensen, 2016). Future
bioclimatic envelopes were delimited as the area predicted to have
suitable climatic conditions according to the SDMs. The bioclimatic
envelopes were subdivided according to whether or not an area
was spatiotemporally connected to the current range by suitable
habitat; intermediate time steps for assessing connectivity were
2030 and 2050.
Based on the bioclimatic envelopes, we projected species distribu-
tions in 2080 by assuming that species will disappear from climatically
unsuitable habitat and expand into climatically suitable habitat con-
nected to their current range. Species-speciﬁc dispersal velocities werecalculated as the yearly dispersal distance (km) for an herbivore,
DHerb, according to Schloss et al. (2012):
DHerb ¼ 1:45 M0:54
where M is body mass (kg) which we obtained from Jarman (1974);
Gagnon and Chew (2000) and Bro-Jørgensen (2007, 2008). The dynam-
ics leading to future species ranges were modelled in two ways. A ‘real-
istic’ approachwas used to project the ‘expected’ ranges by applying the
‘human footprint’- and habitat-ﬁlters to the forecasts to reduce the like-
lihood of species dispersing into areas dominated by human land-use
(USGS, 1999; Sanderson et al., 2002; Thuiller et al., 2006) and, for habi-
tat specialists, incompatible natural habitat (USGS, 1999). A ‘hypotheti-
cal’ approach was used to simulate natural dynamics in an ‘idealized’
world without impact from modern man. Here the ‘human footprint’-
ﬁlter (Sanderson et al., 2002) was removed and the habitat-ﬁlter
(USGS, 1999) was applied only to habitat specialists to remove areas
with incompatible natural habitat; due to uncertainty regarding thenat-
ural habitat of human-dominated landscapes, we took a liberal ap-
proach assuming that both open and closed habitat specialists might
have been able to disperse through these areas in the absence of man
(for example, on the dynamic state between savannahs and forests,
see Parr et al., 2014). Note, that the human land-use ﬁlters were still ap-
plied as a ﬁnal step to the ‘idealized’ projections in order to remove
areas with inappropriate land cover from consideration as release
areas. Areas in grid cells were converted to km2 by applying an algo-
rithm accounting for latitudinal variation in the extent of grid cells
(Burrows et al., 2011).
Based on the SDMs, we deﬁned species as particularly threatened by
climate change if they satisﬁed any of the following criteria: (i) an ele-
vated threat status was predicted for 2080 due to (a) projected popula-
tion decline rate (estimated from range size, following IUCN criteria
A3c; IUCN, 2015) and/or (b) reduction in the absolute range size
(IUCN criteria B2; IUCN, 2015), and/or (ii) the range in 2080 was
projected to fall entirely outside the protected area network as reported
by the IUCN/United Nations Environment Programme (UNEP) World
Database on Protected Areas (including only protected areas assigned
an IUCN category I-VI; UNEP-WCMC, 2012).
Themodels were generated and analysed in R (R Development Core
Team, 2014).
2.2. Ecological assessment of translocation release zones
For each species, we determined for every cell within its total poten-
tial translocation release area: (i) the number of currently allopatric an-
telope species projected to be present by 2080, and (ii) its mean dietary
niche overlapwith these. For each species, we then calculated themean
of these two indices for each of the six translocation release zones. The
dietary niche overlap was calculated as the Pianka index Ojk for a focal
species (j) against all allopatric antelope species (k) within a given cell
(Pianka, 1973):
Ojk ¼
Σni¼1PkiPjiﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Σni¼1 pki2ð Þ pji2
 r
where p refers to the proportion of each resource type i in the diet, with
resource types categorized into fruit, browse, and grass based on
Gagnon and Chew (2000) and Cerling et al. (2003). The Pianka index
ranges from 0 (no overlap with any species) and 1 (complete overlap
with all species). For both indices, we compared differences between
translocation release zones in Kruskal-Wallis tests with Bonferroni-
corrected post-hoc tests using SPSS version 22 (IBM, Armonk, NY,
U.S.A.).
Table 1
Relative extent of translocation release zones for African antelope species.
Translocation release zone Dispersal barrier Translocation type Area relative to current range
(mean ± SEM)
Area in proportion of total area
suitable for translocation (mean ±
SEM)
All
(N = 73 spp)
CC-threateneda
(N = 14 spp)
All
(N = 71 spp)b
CC-threateneda
(N = 12 spp)b
Stable current range None Reinforcement 56.2 ± 3.2% 25.6 ± 7.9% 49.3 ± 3.4% 20.9 ± 7.7%
Expected novel range None Assisted dispersal sensu stricto 58.9 ± 14.5% 79.1 ± 57.0 25.7 ± 2.4% 25.5 ± 8.6%
Idealized novel range Man-made Compensatory dispersal 5.0 ± 1.5% 2.1 ± 1.4% 2.1 ± 0.4% 0.7 ± 0.3%
Expected connected envelope Distance Accelerated dispersal 9.9 ± 3.4% 14.0 ± 9.4% 4.8 ± 1.2% 10.4 ± 5.0%
Idealized connected envelope Man-made & distance Accelerated compensatory dispersal 5.7 ± 2.3% 8.1 ± 8.1% 3.0 ± 1.1% 3.8 ± 3.8%
Unconnected envelope Natural physical Artiﬁcial dispersal 83.1 ± 32.4% 295.9 ± 145.8% 15.1 ± 2.8% 38.4 ± 12.1%
a ‘Climate change-threatened’, see Section 2.1.
b Reduced sample size due to lack of potential release areas projected for the hirola Beatragus hunteri and Nile lechwe Kobus megaceros.
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3.1. Distribution of translocation release zones
Table 1 shows the division of the area projected as suitable for translo-
cation release of African antelopes (i.e.with stable, suitable environmental
conditions until 2080) into the six translocation release zones based on
the separation from current species ranges by anthropogenic and natural
dispersal barriers. Examples of the spatial distribution of these zones for
individual species are shown in Fig. 2. On average, a 43.8% decline in the
current ranges of African antelopes was predicted by 2080. However, for
most species, a considerable area suitable for conservation translocation
was found elsewhere, on average equivalent to 162.6% of the current
species range. On average, around half of this area was cut off from theFig. 2. Translocation release zones for six selected antelopes assessed against a 2080-time hor
current range is smaller due to application of land-cover ﬁlters. (Addax: Addax nasomacultus
dorsalis; suni: Nesotragus moschatus; Cape grysbok: Raphicerus melanotis).current range by natural barriers (‘unconnected envelope’), but more
than a thirdwaswithin the ‘expectednovel ranges’due to natural dispers-
al; the extent of the connected bioclimatic envelope beyond reach by
dispersal (‘expected connected envelope’) and areas separated by anthro-
pogenic barriers (‘idealized novel ranges’ and ‘idealized connected enve-
lope’) were relatively modest (Table 1). Large standard errors indicate
that individual species differed drastically in the potential importance of
the different zones for their conservation; for details pertaining to the spe-
cies most threatened by climate change, see Section 3.3.
3.2. Ecological assessment of translocation release zones
The projected occurrence of allopatric antelope species by 2080 dif-
fered between translocation release zones (Kruskal-Wallis: df 5, H =izon. The solid outline indicates the extent of occurrence reported by the IUCN; note the
; Salt's dikdik: Madoqua saltiana; dibatag: Ammodorcas clarkei; bay duiker: Cephalophus
Fig. 3. (a) Occurrence of allopatric antelope species according to translocation release zone
(mean number per cell). (b) Dietary niche overlap with allopatric antelope species
according to translocation release zone (mean of the mean Pianka index per cell). Boxes
delimit the interquartile ranges (IQR, i.e. the 2nd and 3rd quartiles), with horizontal
lines indicating the median, whiskers delimit values within 1.5 IQR from the 1st and 3rd
quartiles, and circles indicate outliers. Numbers above the graphics refer to sample sizes;
these are b73 because all translocation release zones were not represented in all species
and, if present, did not always contain allopatric species. Signiﬁcant differences between
translocation release zones in post-hoc tests are shown (***P b 0.001; **P b 0.01; *P b 0.05).
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allopatric antelope species were projected to be present in the uncon-
nected envelope than in the stable current range (P b 0.001) and the ex-
pected and idealized novel ranges (both P = 0.001); also the expected
and idealized connected envelopes were projected to have more allo-
patric species than the stable current range (P = 0.002 and P = 0.015
respectively). Moreover, average dietary niche overlap with allopatric
species differed between translocation release zones (Kruskal-Wallis:
df 5, H=15.25, P=0.009; Fig. 3b). Post-hoc tests showed that the over-
lap within the unconnected envelope was signiﬁcantly higher than
within the stable current range (P = 0.021).
3.3. Translocation options for species most threatened by climate change
Fourteen African antelope species were identiﬁed as particularly
threatened by climate change based on the models (Tables 1 and 2).
Nine qualiﬁed due to projected population decline (IUCN criteria A3c),
nine due to small range (IUCN criteria B2) and ﬁve because their
projected ranges showed no overlap with the protected area network
(Table 2). The species showed contrasting patterns in the relative im-
portance of the various translocation release zones; percentages in
brackets in the remainder of this section refer to the area of a zone rel-
ative the species' current range.
For the hirola (Beatragus hunteri) (critically endangered, CR) and the
Nile lechwe (Kobus megaceros) (endangered, EN), the areas with suit-
able conditions at present and by 2080 showed no overlap and hence
no suitable release areas were identiﬁed. For the Aders' duiker
(Cephalophus adersi) (CR), only a small areawithin the unconnected en-
velope, of similar size to the current range, was identiﬁed as suitable for
release by the forecasts. The addax (Addax nasomaculatus) (CR) was
predicted to depend on accelerated dispersal to its expected connected
envelope (131%), and potentially on accelerated compensatory dispers-
al to a similar-sized area within the idealized connected envelope
(113%). The dibatag (Ammodorcas clarkei) (vulnerable, VU)waspredict-
ed to decline drastically, by 98%, within its current range and depend
heavily on natural dispersal into the expected novel range (52%),
pointing to assisted dispersal sensu stricto as a conservation option. Pe-
ters' duiker (Cephalophus callipygus) (least concern, LC) and the white-
bellied duiker (Cephalophus leucogaster) (LC) were both predicted to
undergo 86% decline within their current ranges. Of their potential
translocation release areas, 7.1% resp. 11%were situatedwithin their ex-
pected novel ranges, and only 1.1% resp. 2.7% within their idealized
novel ranges, suggesting limited options for assisted and compensatory
dispersal. Expected connected envelopes were projected to cover 24%
resp. 11% of the potential translocation release area, which points to
the feasibility of accelerated dispersal. Jentink's duiker (Cephalophus
jentinki) (EN) and Abbott's duiker (Cephalophus spadix) (EN)were fore-
cast to decline by 48% resp. 50% within their already restricted ranges;
with only modest natural dispersal into expected novel ranges (14%
resp. 19%), artiﬁcial dispersal into the relatively extensive unconnected
envelopes projected could become necessary (624% resp. 1555%), al-
though for the Abbott's duiker also the preferred option of compensato-
ry dispersal would be realistic with a considerable idealized novel range
(19%). The beira (Dorcatragus megalotis) (VU) and Speke's gazelle
(Gazella spekei) (EN), which were predicted to undergo more modest
declines of 33% resp. 18% within their current ranges, were expected
to increase their ranges signiﬁcantly by natural dispersal (expected
novel range: 815% resp. 69%); assisted dispersal sensu stricto would
therefore be preferable to artiﬁcial dispersal if translocation were to be-
come necessary. Piacentini's dikdik (Madoqua piacentinii) (data deﬁ-
cient, DD) was expected to show a drastic range decline of 87%, and
the only signiﬁcant translocation option suggested by the projections
was assisted dispersal sensu stricto which could bolster the natural dis-
persal into expected novel range (17%). A similar situation was predict-
ed for the dama gazelle (Nanger dama) (CR) for which a 96% decline in
the current range was accompanied by a signiﬁcant gain of expectednovel range (50%); in this case the expected connected envelope
(26%) also suggests scope for accelerated dispersal. Finally, the current
range of the mountain nyala (Tragelaphus buxtoni) (EN) was projected
to decline by 40%, but gain of expected novel range (67%)was consider-
able and artiﬁcial dispersal into the unconnected envelope (277%) may
thus not be desirable.
4. Discussion
Where assisted colonisation is contemplated as a conservation solu-
tion, the systematic dispersal barrier-based approach presented here of-
fers both a conceptual and a practical framework for prioritizing
potential release areas according to their compatibilitywith natural eco-
logical processes in a changing world (Mouquet et al., 2015). A major
strength of the framework is that it assumes a dynamic worldview, ex-
plicitly acknowledging change as a fundamental part of ecosystems
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minology which is centred on a dichotomy between ‘reintroductions’
within the indigenous area and ‘assisted colonisations’ anywhere else
(Hallfors et al., 2014).Whilst this dichotomy is important, it is essential-
ly based on a staticworldview, andwe believe that our reference system
can promotemore effective communication regarding themanagement
of dynamic landscapes.
Our approach is intended to complement, rather than replace, a his-
torical management approach based on the concept of ‘indigenous
range’. We thus recommend that potential release areas are assessed
by evaluating the distribution of the translocation release zones togeth-
erwith any information available on the extent of historical ranges. Sites
within the indigenous range should be preferredwherever possible, and
especially the ‘expected novel range’will often include both indigenous
and non-indigenous areas. Our framework speciﬁcally offers a way
around the notorious challenge of deﬁning the critical time period
since local extinction beyond which the historical range should no lon-
ger be considered indigenous: a key factor in this regard is the speed of
environmental change, and our model incorporates this by removing
the part of the historical range that is no longer climatically suitable.
Our modelling framework provides scope for further sophistication
in support of conservation planning. The current models approximate
the fundamental Grinellian niche of species and may be less accurate
in reﬂecting the realized Eltonian nichewhich also includes interspeciﬁc
interactions (Soberón, 2007; Devictor et al., 2010). In our empirical
model, the higher occurrence of allopatric species, and the higher die-
tary overlap with these, in the unconnected envelope compared to the
stable current range suggests that the potential for competition with al-
lopatric competitors to affect the realized niche is of particular concern
if release areas are separated from current ranges by natural physical
dispersal barriers. The higher dietary niche overlap in this case is inter-
esting in that it suggests that communities in the unconnected envelope
aremore likely to have evolved to include allopatric species that occupy
similar ecological niches to the focal species. The results moreover sug-
gest that compared to the stable current range, the occurrence of allo-
patric species is signiﬁcantly higher also in the connected envelope,
but not in the projected novel range; the ecological similarity suggested
by the lack of signiﬁcant difference between the expected and idealized
novel range in particularmay be due to the fact that anthropogenic bar-
riers are too recent to have had detectable consequences for community
structure. Overall, these ﬁndings indicate that our classiﬁcation frame-
work at least to some extent captures the ecological impact of dispersal
barriers on the degree of similarity in community structure and possibly
also function. A valuable next step, however, would be to express theTable 2
Absolute extent of translocation release zones for individual species particularly threatened by
Species Current range
(km2)
Translocation release zo
Stable current
range
Expecte
range
Addax (Addax nasomaculatus)a,b 32,272 0 324
Dibatag (Ammodorcas clarkei)a,b,c 83,250 1695 43,344
Hirola (Beatragus hunteri)a,b 11,280 0 0
Aders' duiker (Cephalophus adersi)a,b 342 0 0
Peters' duiker (Cephalophus callipygus)a 703,408 100,105 10,569
Jentink's duiker (Cephalophus jentinki)c 95,171 49,297 13,217
White-bellied duiker (Cephalophus leucogaster)c 1,185,476 161,618 22,528
Abbott's duiker (Cephalophus spadix)b 5437 2725 1023
Beira (Dorcatragus megalotis)c 38,332 25,553 312,425
Speke's gazelle (Gazella spekei)c 154,508 127,413 107,044
Nile lechwe (Kobus megaceros)a,b 108,911 0 0
Piacentini's dikdik (Madoqua piacentinii)a,b,c 34,082 4425 5767
Dama gazelle (Nanger dama)a,b 273,206 11,695 136,738
Mountain nyala (Tragelaphus buxtoni)b 5087 3055 3393
a Threatened due to population decline.
b Threatened due to small range.
c Threatened due to lack of protection.impact of interspeciﬁc interactions explicitly in the species distribution
models; in particular, it may allow identiﬁcation of species likely to be-
have invasively (Blackburn et al., 2011), which is a main concern in re-
lation to translocation release in non-indigenous areas (Chauvenet et
al., 2013).
Other priorities for model improvement include the development of
more realistic land-cover ﬁlters that are dynamic rather than static. Es-
pecially, incorporation of pressures from non-climatic threats such as
overexploitationwould enhance the accuracy of projections for the spe-
cies whose current ranges have been severely affected by these threats:
at present, their bioclimatic envelopes are likely to be underestimated
and should be interpreted cautiously. Asmore data on local species den-
sities become available, it will also increasingly become an option to
model species abundance rather than distribution and generate projec-
tions at ﬁner spatial and temporal resolutions.
For antelope biodiversity, the present study suggests that consider-
able distributional changes may be expected over the decades to
come. For many species, conditions in signiﬁcant parts of their current
range are projected to deteriorate whilst new habitat is expected to be-
come available in adjacent areas. As they stand, our results indicate that
dispersal ability may not be amajor limiting factor for antelopes in gen-
eralwithin the timeframe considered: overall, specieswere projected to
spread naturally into most of the suitable areas opening up (i.e. the ex-
pected connected envelope was markedly smaller than the expected
novel range). Our results also suggest that although human land-use
signiﬁcantly reduces the areas available for translocation release, it
may have a limited effect on the ability of species to disperse into the
areas remaining (cfr. idealized versus expected projections in Table 1).
However, the impact of man-made obstructions may have been
underestimated due to lack of continent-wide information on the distri-
bution of fences within wilderness areas. Although most fences erected
to reduce human-wildlife conﬂicts separate areas with human land-use
from wilderness areas (Durant et al., 2015), their effect thus approxi-
mated by our human land-use ﬁlters, fences are also sometimes erected
withinwilderness areas, notably bordering protected areas, private land,
countries and roads, and/or for veterinary reasons (Durant et al., 2015).
Such fences can have profound ecological consequences which are not
accounted for in this study, and we stress the need for large-scale data-
bases on the distribution of fences within wilderness areas to inform
ecological modelling for conservation management.
For practical conservation, averages across species are of course fre-
quently less relevant than theoften drastic differences in projections be-
tween species. Whilst it is also here important to recognize that species
distribution modelling can be associated with a considerable degree ofclimate change.
ne (km2)
d novel Idealized novel
range
Expected connected
envelope
Idealized connected
envelope
Unconnected
envelope
323 42,430 36,449 322
0 0 0 1643
0 0 0 0
0 0 0 341
1700 35,860 0 681
1346 0 0 593,435
5786 22,788 0 1363
1024 1689 0 84,552
2385 0 0 567,203
0 0 0 160,834
0 0 0 0
342 342 0 341
0 69,950 0 0
0 0 0 14,073
236 B.L. Payne, J. Bro-Jørgensen / Biological Conservation 201 (2016) 230–236uncertainty (Synes andOsborne, 2011), the speciﬁc results pertaining to
individual species in this study still provide a useful initial assessment
pointing to cases of concern for further evaluation.
What will be the role of assisted colonisations in the future? Given
the present combination of drastic climate change and progressive hab-
itat fragmentation, a logical expectation is not only that translocation
will become more important as a conservation intervention, but also
that the non-indigenous area will become increasingly relevant in this
regard. However, the warning of Ricciardi and Simberloff (2009), that
our knowledge of ecosystem function is generally too limited to advo-
cate translocation outside indigenous ranges, remains sobering. Since
the effect on both the genetic and ecological balance is difﬁcult to pre-
dict, it may be argued that, according to the precautionary principle,
assisted colonisations should only ever be considered as a very last re-
sort to restore natural populations. Regardless of the viewpoint taken
on assisted colonisations, when they do take place, it is crucial that the
selection of translocation release sites is based on rigorous evaluation
of the likely future changes in species distributions. To this end, we
strongly recommend increased integration of projective species distri-
butionmodelling into translocation planning and propose our dispersal
barrier-based framework as a tool in the assessment.
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